Introduction
The UK and Ireland have a cool maritime climate, with a heating season of about 7 months. Daily average temperature rarely falls below freezing point. These conditions are ideal for the effective operation of heat pumps, whose efficiency is inversely proportional to the temperature difference between the heated space and the environment. The inexorable rise in oil and gas prices has encouraged the adoption of heat pumps. Ground-source heat pumps are typically installed in new, detached dwellings whereas air source is generally more suited for retrofit applications [1] . The coefficient of performance, which is the heat produced per unit of electrical energy consumed, is typically in the range 3.0-4.0. If the supply generation is predominantly fossil fuel, with a thermal efficiency of about 35%, the heat produced by the heat pump is little more than what could be obtained directly from the fossil fuel. However, if a significant proportion of the generation is nuclear and/or renewable, then the heat pump can help to reduce overall fossil-fuel usage. Nuclear generation is responsible for about 20% of generation in Britain, while renewable, mainly wind generation supplies a similar proportion of demand in Ireland. Hence heat pumps can reduce fossil-fuel usage across the region, and the growing penetration of renewable generation will lead to further reduction. Often the choice is between an oil-fired central heating boiler with an efficiency of about 70% and a heat pump with under-floor heating. The economic and climate change arguments are now converging, with the result that heat pumps are likely to become more popular for new, detached dwellings [2] .
A significant heat pump load brings a number of benefits to power system operators. In particular, the thermal inertia of modern dwellings is such that the pump can be switched off for several hours with minimal effect on temperature [3] . There are tariffs that deliver cheaper electricity for 21 h each day, counter-balanced by much more expensive electricity in the peak period, typically 4-7 p.m. This improves generation load factor, and also offers the following possibilities: † use as emergency reserveprovided there is rapid communication and a tariff incentive; † heat pump motor inertia helps to stabilise the system at times of significant renewable generation.
However, the growth of heat pump load poses a challenge for distribution engineers. A typical 10 kW heat pump will have a 2.5 kW compressor motor. Even with a soft-starter, the starting current will be around twice the normal running current. In addition to switching transients, the new induction motor load will tend to depress feeder voltage, especially if several such loads are connected to the feeder [4] . There may even be the possibility of voltage collapse.
The authors have assessed the potential problems by considering the static and dynamic effects of varying heat pump deployments on a generic distribution network [5, 6] . The work utilises the DIgSILENT power system simulation package. Modelling the heat pump compressor motor was a particular challenge, as standard simulation packages do not include models for the single-phase induction motors required for domestic heat pumps [7, 8] . Also, starting transients will depend on the dynamics of the compressor itself. It was considered that the most reliable approach was to monitor an actual heat pump motor, and to develop a model that could be integrated with DIgSILENT 
Heat pump testing
Tests were conducted on a 10 kW air-source heat pump which had been fitted to the University laboratory. The refrigerant is evaporated by the ambient air, thus absorbing its latent heat of evaporation. The compressor compresses the vapour, which liquefies and returns the latent heat to a tank of water surrounding the refrigerant. The water provides under-floor heating to a university laboratory. It should be noted that the electrical behaviour of the compressor motor, which is the main interest here, is similar for both air-source and ground-source heat pumps. Fig. 1 shows the power consumed by the heat pump over a 4.5 h period. The main feature is a duty cycle for the compressor motor, which will depend on the energy required to achieve a given temperature in the laboratory. The minor features of the graph show the operation of the fan motor, the reversing valve and the circulating pumps. Fig. 2 shows the compressor motor instantaneous starting current.
The starting current was found to peak at 28 A (r.m.s.), double the normal running current of 14 A (r.m.s.). Induction motor starting current is typically 4-7 times full-load current [9] . The reduced starting current is due to the use of a soft-starter, which results in the stepped increase in current seen in Fig. 2 . As the compressor motor accounts for 90% of the heat pump load, these motor starts will dominate the impact of heat pumps on the distribution network. Hence, it was decided to develop a detailed model of this aspect of heat pump load.
Load modelling
The electricity supply to domestic consumers is single phase; hence, domestic heat pumps use single-phase induction motors to drive the compressor. This created a difficulty, as none of the major power system simulation packages, including DIgSILENT, provide a single-phase induction motor model. Single-phase induction motor models are presented in [7, 8] , but without a soft-starter. It was therefore decided to create a model for use with DIgSILENT using the dynamic simulation language DSL.
The variations of heat pump active and reactive powers in response to terminal voltage and frequency are modelled to reproduce the experimental values as closely as possible. Models with and without a soft-starter were developed. First of all, general load modelling equations have been used. Active power is given by
(1)
Similarly for reactive power
(2) P 0 , Q 0 and V 0 are the ratings of the load under consideration and are used as initial conditions for the respective time-dependent variable. P and Q are active and reactive powers, respectively. v is the time-dependent terminal voltage. The coefficients (k P1 , k P2 , k Q1 and k Q2 ) determine the dependency of P and Q on the change in voltage, whereas the exponents (e P1 , e P2 , e P3 , e Q1 , e Q2 and e Q3 ) specify the order of dependence on voltage. For a linear model, both k P1 and e P1 are unity and all remaining coefficients and exponents are zero in (1). Similarly, k Q1 and e Q1 are unity in (2). Standard parameter values for specific loads are used and it is found that the performance deviates considerably. This may be due to the inclusion of the soft-starter. For this reason, the experimental values are used to derive the model. After considering linear dependency on voltage variations, a load time constant has been used which represents how long the load takes to follow the variations in the voltage. Assuming x p as a state variable for dynamic calculation of active power, x q for reactive power and T as the time constant
According to the experimental results, the compressor motor starts in three distinct stages.
(i) The first stage starts at the time when the switch has been closed. For this time the compressor motor draws power equivalent to P 0 /5 for 2 s.
(ii) The second stage also lasts 2 s but this time the power drawn is P 0 /3. (iii) The third stage involves higher starting current for about 0.5 s. This stage has been modelled using a difference of two exponentials with different exponents to obtain the peak value of the experimental readings. Time delays are introduced to reproduce the exact shape of the experimental peak power.
The staged start is due to the soft-starter and the objective was to reproduce the shape mathematically for use in the DIgSILENT simulation. If t s is the switching instant of the heap pump load, the equation will be (see (5) ).
Similar equations are used for dynamic calculation of Q.
Frequency has been compared with the reference (50 Hz) and the difference has been used with a load-frequency constant to calculate the change in active power
k f is the load-frequency constant for the compressor motor. The values used in the model are given in Table 1 . This model has been validated against the experimental results. The r.m.s. values of current drawn by the experimental and simulated model are compared in Fig. 3 . The load has been switched on at 1 s.
Test network
The UK generic distribution network (UKGDN) is shown in Fig. 4 . It includes a 33/11.5 kV substation that supplies six 11 kV feeders. Each feeder serves 3072 customers, evenly distributed between eight 11/0.433 kV, 500 kVA transformers and an equal number of 400 V substations.
Each 400 V substation serves 384 single-phase consumers through four radial feeders, each with 96 consumers in four clusters of 24, 8 per phase. One feeder is modelled in detail and the rest are treated as lumped loads. The network was assessed by a number of distribution network operators and considered as representative of urban/suburban UK distribution networks. The most remote consumer is 3.33 km from the 33/11.5 kV substation. The full network data may be found in [5, 6] .
The network, shown in Fig. 4 , was modelled in DIgSILENT. The loads comprise: (i) the normal consumer demand of 1.3 kVA with power factor 0.95 lagging; and (ii) an optional heat pump described by the model in the previous section. The normal load is assumed to have a coincidence factor of 0.7.
Results
The steady-state and transient effects of heat pump load have been assessed by considering an increasing penetration of heat pumps in each cluster of 24 consumers on a single 400 V feeder [10] .
Steady-state effect of increasing penetration
Penetration is 100% if all the consumers have a heat pump. If all 24 heat pumps in a cluster are switched on, then the lumped loads across the entire UKGDN are set to reflect the same penetration. The heat pump penetration is therefore % penetration of heat pumps = (n/24) × 100 where 'n' is the number of heat pumps 'on'.
It was found that, if the coincidence factor (the ratio, expressed as a numerical value or as a percentage, of the simultaneous maximum demand of a group of electrical appliances or consumers within a specified period, to the sum of their individual maximum demands within the same period) of existing loads on the network is 0.7, the network, under a worst-case scenario, can accommodate additional load equivalent to a 20% penetration of heat pumps. However, it is worth noting that the low voltage (LV) substation transformers are the only elements to be overloaded as heat pump load increases beyond this level. No other elements are even close to their rated values. For example, for a 50% penetration of heat pumps, the highest loading of a line is 32%. The LV substation transformer bottleneck has also been highlighted in [11] in relation to electric vehicle charging. It should be noted that the transformer overloading can be avoided, to a certain extent, www.ietdl.org by deferring heat pump load at peak times. The implications of this for consumer comfort will be considered later. Fig. 5 shows the loading profile of the LV substation involving the two-winding transformer (9) from the network diagram. As this substation is modelled in detail, it represents exact loads from unbalanced phases. The equivalent balanced load curve is obtained for the lumped LV substations (the lumped loads LL1-LL7). Equivalent balanced loads increase the system loading linearly, whereas unbalanced loads increase it more markedly when a load is added on a single phase in addition to a balanced load. The existing UKGDN loads are three phases represented by LT1, LT2, LT3 and LT4 in the network diagram and represent the equivalent three-phase load of 24 customers.
The steady-state voltage at the consumer terminals is an important consideration. The voltage at the four clusters is well within limits (0.95 pu) up to 37% penetration, as shown in Fig. 6 .
Beyond 37% penetration, the steady-state voltage at Terminal 1, the most remote, drops below 0.95 pu.
Transient voltage and impact of single-phase switching on other phases
The transient voltage during the switching process has been recorded in a sequence by increasing heat pump load in steps. The results are summarised in Fig. 7 .
The nine graphs show both the effect of unbalance and an increasing penetration of heat pump load. The first row of graphs show the switching transients when one heat pump is switched in phase A only (1A + 0B + 0C), then phases A and B (1A + 1B + 0C) and finally in all three phases simultaneously (1A + 1B + 1C). In the second row, the sequence is repeated with an extra heat pump in all three phases. The third row depicts the transients when there is a further heat pump in all three phases. The heat pump penetration ranges from 1 out of 24 (4.2%) at the top left of Fig. 7 to 9 out of 24 (37.5%) at the bottom right. The first and second columns depict unbalanced heat pump load, whereas the third column shows balanced load. The graphs show the variations in all three-phase voltages, A, B and C.
It may be seen from Fig. 7 (i) that, with one heat pump in phase A only, the voltage drops to 86% on phase A whereas the voltages on phases B and C rise to 115 and 110%, respectively, during starting. When two heat pumps were switched on together in phases A and B, as shown in Fig. 7(ii) , the voltage drops to 95 and 93%, respectively, on these phases whereas the voltage rises on phase C to 117%. With three heat pumps, one in each phase such that the load is balanced, the voltage transient was the same for all three phases and is much less compared with the previous cases of unbalanced loading.
When the number of heat pumps is increased but the loading is unbalanced, such as in Figs. 7(iv) and (v), the voltage transients on adjacent phases are less pronounced than before. This is because heat pumps installed on adjacent phases lead to voltage drops that tend to balance the voltage rises at the switching instant. The maximum voltage drop, to 83% in phase A, occurs in Fig. 7(vii) , where the heat pump penetration is 29.2%. When the penetration is higher, at 37.5%, but with balanced loading, the transient voltages in all three phases fall to 89%see Fig. 7 (ix).
The voltages recover to within 95%, or very close, except for the case shown in Fig. 7(vii) with an unbalanced penetration of 29.2%. In contrast, the higher but balanced concentration of 37.5% depicted in Fig. 7 (ix) results in less severe transients and satisfactory recovery voltages. Hence, it may be concluded that a heat pump penetration of 37.5% can be accommodated, provided the load is balanced, with simultaneous switching across the three phases.
Switching sequences
The 'worst case' might be expected to occur when all heat pump load is switched simultaneously. That is the scenario depicted in Fig. 8 for a 50% penetration. The load is switched on at 5 s. The effect of the soft-starter is evident from the voltage steps 2 and 4 s after switch-on. The voltages in all phases reach a minimum of 85% of nominal at 9 s. However, the voltages have recovered to over 94% by 10 s.
An alternative procedure might be to switch-on supply to all heat pump loads in phase A, then phase B and finally phase C. The transient voltages resulting from this sequence are shown in Fig. 9 , where the A phase load is energised at 0 s, the B phase at 5 s and the C phase at 10 s. It may be seen that the lowest voltage during the transient is 83%, and the lowest recovery voltage is 87%. It may therefore be concluded that simultaneous switching across the phases is to be preferred to staggered switching of the phases. This conclusion is consistent with the effect of switching described in Section 5.2 above and illustrated in Fig. 7 , where the balanced switching of all three-phase loads has less impact on voltage than unbalanced switching of a smaller load. Fig. 10 shows the voltage variation on consumer terminals (three-phase) when a random delay of 0-15 s was applied to a 50% heat pump penetration. There are interesting voltage 
Heat pump compressor motor without soft-starter
There are still some cases where heat pumps are supplied with compressor motors without soft-starters. Some examples are given in realistic analysis of the impact on low-voltage networks by National Energy Action [12] . The heat pump model was updated to replicate the starting characteristics of a single-phase induction motor without soft-starter. For this purpose, the model developed in Section 3 is modified in such a way that the input variables are all similar, eliminating the staged start-up and reflecting only a higher peak current.
The equations used for simulating the heat pump without the soft-starter are as follows (see (7) ).
The remaining part of the model remains the same. This time no time delay is required to limit the peak current. For a 10 kW (heat output) heat pump, the starting current of the compressor is 45-50 A without a soft-starter. Fig. 11 shows the system voltage disturbances for random switching of a 50% penetration of heat pumps without soft-starters. It can be noted that voltage drops to <80% on many occasions.
Changes in network modelling to see the impact of single heat pump switched on each phase
To see the impact of single heat pump switching on different phases, the modelling has been modified such that the lumped loads do not show similar changes in switching.
Only 'Terminal 1' is having additional heat pumps installed as shown in the network diagram ( Fig. 4) . 
The lumped loads no longer have any additional heat pump loads installed.
The switching of heat pumps on all three phases of Terminal 1 is considered in a sequence of top to bottom (LTA 01-LTA 04, then LTB 01-LTB 04 and finally LTC 01-LTC 04). This will represent a maximum of 50% penetration. Fig 12 shows the change in voltage in all three phases when heat pumps without soft-starters were switched on in the above sequence. Fig. 13 shows a similar scenario with soft-starters.
Heat pump load diversity
The simulation results presented above, especially those for unbalanced loading, tend to exaggerate the switching transients and steady-state voltage deviations. For example, the transients shown in Fig. 7 assume that all heat pumps are switched on simultaneously, which is the worst case that can be envisaged. In practice, switching will be random within and between phases, attenuating the variations shown in the simulations. Overall heat pump load will be determined by ambient temperature. At a given temperature, heat pumps being switched on one at a time across the network will be balanced by others being switched off. Thus, there will be many small transients of the type shown in Fig. 7 . However, the voltage deviations will depend on the number of heat pumps on load at a given time. Only in very cold weather would the overall loading approach the penetrations modelled in the simulations. Thus, for the maximum penetration considered of 37.5%, the actual voltage deviation would be less than the simulated value shown in Fig. 7(ix) . Given normal load diversity, a heat load penetration of 50% could probably be achieved for the generic network before transient or steady-state limits are breached.
However, there is an important caveat. Heat pumps are likely to be subject to a tariff that offers cheaper electricity and traditionally this would have been provided winter evening peaks, typically 4.00-7.00 p.m., are avoided. Owing to cooling during these hours, a peak-avoidance tariff would result in a loss of diversity, with coherent switch-on of most heat pumps at the end of the peak period. The conditions would then exist for the extreme scenarios examined in the simulations above. In future, however, it is envisaged that tariffs for heat pump and other schedulable load will probably be real-time based and reflect both available generation (and in particular renewable generation) and also distribution system available capacity to deal with such load. Real-time tariffs coupled with a block switching approach similar to that previously adopted for space and water heating [13] is thought to offer a practical solution for the control or incentivisation of heat pump load at appropriate times.
Conclusion
This paper discusses the operation of the low-voltage network after adding heat pumps to the existing system.
A special-purpose model of a single-phase induction motor compressor drive was developed. Taking into consideration a high penetration of such devices, the operation of a generic low-voltage network has been analysed and presented. The analysis has shown that if 20% of customers install heat pumps, the grid under investigation will not be overloaded. However, even with soft-starters, the transient voltage drops exceed statutory limits, as in many cases the voltage is observed to fall below 90% of nominal. It was found that the transient disturbances were minimised by switching the heat pumps on all phases simultaneously.
The paper also examined the effect of heat pump load without soft-starters. Transient effects were more pronounced, showing that soft-starters are required to maximise heat pump deployment.
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